During designing a new axial flux permanent magnet free rod rotor synchronous motor, it is important to know before hand in which phase the largest angular velocity can occur, what is the ways to reduce the power consumption, how to achieve to increase or decrease the rotation speed by changing the core geometry. Therefore, presenting these preliminary information that are necessary for the design of a free rod rotor synchronous motor to the researchers is the aim of this work. In this respect, this study presents the design and geometrical dimensions of the stator for a new synchronous motor which is an axial flux permanent magnet free rod machine with three, four, five and six phases. This type of motors are an innovative approach especially for the applications used in industrial stirrers. Each type of stator is designed such that it has an appropriate number of phases. The rotating magnetic field over the stator is established by a PIC based microcontroller feeding the interface circuit to the stator wounds. The maximum angular speeds of bar magnet rotors with four different lengths and masses are calculated theoretically and determined experimentally. In addition, the effects of the distance between the rotor and stator, the angular speed of the rotor within the limits of the operation, and the volume of the liquid to be stirred to the power applied are investigated. Furthermore, the effects of the lengths and angular speeds of the bar magnet rotors to the distance between the rotor and stator are determined. In the light of the information obtained and taking into account the power used, the most appropriate parameters and variables such as the stator geometry changing with the phase used, the length of rotor, the distance between the rotor and stator and the angular speeds of rotor are determined.
Introduction
Axial flux permanent magnet synchronous motors are suitable electrical machines for particular usage where small structures, high energy densities, high torques and limited axial fields are required. Axial flux permanent magnet synchronous motors are widely used in applications such as computer peripherals, small electrical vehicles and high momentum wheels [1] [2] [3] [4] [5] [6] .
The free rod axial flux permanent magnet synchronous motors are electrical machines such that the rotor and stator are not physically connected but there is only a magnetic field between them [7] [8] [9] [10] [11] .
In general, they are single pole machines with variable rotor lengths. This type of motor are generally used in applications for example stirring liquids, digging mines where no electrical arc is produced. They are also used in applications necessitating the physical separation of rotor and stator [12] [13] [14] [15] [16] [17] [18] [19] . The number of phases and the power consumed, the distance of rotor-stator, maximum angular speed and also the density of liquid to be stirred play important roles in the design of stator geometry of axial flux permanent magnet free rod rotor synchronous motors.
In this work, first, the stator geometries for three, four, five and six phase motors are determined and the systems are designed. Then, the phase circuits of each type of motors are fed by a PIC microcontroller in an appropriate manner in order to create the rotary magnetic field over the stators. Four different rotors with various lengths and masses are operated to determine their maximum angular speeds to be reached. Furthermore, the effects of the distances between the rotor and stator for different motors, the angular speeds and the density of the liquids used to the power consumed are investigated. In addition, the effects of the length and the angular speed of the rod magnet rotors to the rotorstator distances are determined. In light of the information obtained and also taking into account the power consumed, the followings are determined: the most appropriate geometry based on the phase, rotor length, the distance between the rotor and stator and rotor angular speed. All of these parameters, variables and structures are tried to optimize for designing the most appropriate motor structure for a particular or general application. Thus, the researchers doing the design of such a synchronous motor would be able to determine simply in which phase the largest angular velocity can occur, what is the ways to reduce the power consumption, how to achieve to increase or decrease the rotation speed by changing the core geometry. In this paper, Section 2 describes the structure of the motor and rotating magnetic field. In Section 3, the parameters for an optimized structure are given. Section 4 gives the details of the experimentations and findings.
Structure of the motor and rotating magnetic field
The optimized stator structures for four, five and six phase, axial flux permanent magnet free rod rotor synchronous motors are illustrated in Fig. 1 .
As seen in Fig. 1 , there are four slices for each phase. The radius of the central region of the core increases as the number of phases increase. In Fig. 2a and b, the stator structure and the shape of the wounds of a three-phase axial flux permanent magnet free rod rotor synchronous motor are shown. The rotor will follow the rotary magnetic field created over the stator by the microcontroller with a phase angle of 120°between each phases. The angular speed of the rotor will be equal to that of the magnetic field. As a matter of fact, the capability of rotation of the rotor with the angular speed of the magnetic field is also depended on the magnitude of the kinetic energy initially gained by the rotor itself. If the kinetic energy gained by the rotor from the magnetic field is less than the rotational kinetic energy of the rotor, then the rotor cannot follow the vector of the rotary magnetic filed and as a result it will driven away. In such a case, the angular speed gained by the rotor will be limited. This limit depends on the magnitude of the magnetic field created at the point, D, of the axial flux permanent magnet free rod rotor synchronous motor as seen in Fig. 2c where the rotor angular speed is
x, the length of rotor is L, the magnetic flux density is B, the internal radius od iron core stator is r i , the rad r i ,ius of stator iron core is R 1 , the magnetic permeability of the iron core is l, the depth of groove is t, the widht of groove is s. The distances a, b, m, r, R, r x , the point C and the angles /, u, a are depicted in Fig. 2c .
As seen in Fig. 2c , the magnetic field effecting the rotation of the rotor at the point D is equal to the sum of the perpendicular components of magnetic fields of the two wires with a length of R and the perpendicular component of the arc with a degree of u [20] .
When the rotor is located at such a magnetic field, it comes to the direction of the filed with the effect of the magnetic torque. When the rotary magnetic field takes an angle of u the rotor will follow it simultaneously. It can be thought that the rotation of the rotor becomes more stable when the number of phases is increased. However, this is not the case. Since the parameters effecting the total magnetic field are also changing with the increase in number of phases. The optimum number of phases for various types of stators is changing as well.
In order a rotor to rotate at the axis on which the center of mass is found without driven away, the angular speed x has to satisfy the condition given in the following equation [20] : As seen from Eq. (2), the angular speed of rotor depends on the parameters such as the magnitude of the rotor magnetic field, mass and length, the number of phases of the stator, groove dimensions of the stator, phase current, the distance r x shown in Fig. 2c and cos u 0 . The parameter sets for the motors produced with four different phases is given in Table 1 .
Structure of stator iron core
In this section, the structure of the stator iron core is investigated. Let's look at in detail the stator core of a single phase stator for the effects of the distance r x and the angle / to the angular speed (Fig. 4) .
For the arc in Fig. 4 , it can be written as,
It can be noticed that each of the slices is reduced by a because of the widths of the grooves. Two grooves are created on the disk for each phase wounded as half steps. For the number of phases k = 1, the arc / becomes as in the following equation:
Assuming s ( 2pR 1 ; it can be written as s=2 ¼ r i sin ð£=2Þ
(4)). Because for k = 15, the angle u = 0, that is, there is no pie slice on the core in this case.
After defining the internal radius of the stator r i , the distance shown in Fig. 2c , r x , can be written as;
Using Eq. (6), we can arrange Eq. (2) as follows;
Eq. (7) includes all the necessary parameters for dimensioning and designing of an axial flux permanent magnet free rod rotor synchronous motor.
Experimental study and findings
The experimental study and findings are presented in this section The universal interface unit providing supply signal waveforms for motors with phases from three to six is shown in Fig. 5a and b. The PIC16F876 microcomputer sends the triggering signals to the driver integrated circuit (IC) corresponding to the angular velocities in rpm that are entered from the touch-pad. Output of the driver IC is fed to the coils of the stirrer. Currents up to 3 A can flow through the coils. In the experimental step of the study, first of all, we checked that whether the reading of number of rotations in the interface display and the readings in the tachometer optically measuring the angular speed of the rotor are equal to each other or not (Fig. 5c ). Then loss of rotation due to the friction within the liquid is investigated. It is seen that the measurements give satisfactory results and the effect of friction is negligible. Fig. 5d illustrates the stirring operation.
In the next step, the maximum angular speeds of rod magnet rotors with four different lengths and masses rotating over the stator are determined. For this test, the number of rotations are increased through the interface unit until the rotor is driven away. Then, the same results are obtained by using the parameters in Table 1 and Eq. (7) theoretically. It is observed that both practical and theoretical findings are matched satisfactorily (Table 2) . It is observed from the maximum number of rotations with respect to number of phases measured for each rotor that the highest angular speed is achieved for k = 4 (Fig. 6) . In addition, the effect of the distance between rotor and stator, rotor angular speed within operational limits and the volume of the liquid stirred for different stator geometries to the power consumed are determined. For this case, the distance between the rotor and stator is increased gradually. This is done until the effect of the rotary magnetic field on the rotor ceased and at each step the current drawn is read by the ammeter. And then, by fixing the distance between rotor and stator, the volume of the liquid is increased with the steps of 200 cm 3 and again the currents drawn at each step are recorded. Next, the effects of length of the rod magnet rotors and angular speed values to the distance between the rotor and stator are determined. For this experiment, the angular speed is fixed for four different lengths of rotor and the distance is increase away. And then, for each rotor, the angular speed is increased step by step and for each step of speed, the rotor-stator distance is changed until the rotor is not affected by the rotary magnetic field. The results are plotted as graphics (Fig. 7) . With the use of these results and taking into account the power consumption, the stator geometry, rotor length, rotor-stator distance and rotor angular speed values are determined.
As seen from Fig. 7a , the increase in volume of the liquid to be stirred does not change the power consumption. This shows that the pressure acting on the rotor does not have any relation with the angular speed or angular frequency. Since, the angular frequency is only changed by means of the microcontroller interface unit and the rotor follows the magnetic field with the same frequency. The relation between the angular frequency and the circuit current determining the power is given in the following equation [21, 22] .
where V 0 is the constant supply voltage, L is the self inductance, r 0 is the internal resistance of the wire of the wounds. The self inductance is given in the following equation:
where l is the magnetic permeability of the stator core, N is the number of turns, A is the cross section of the wounds and l is the length of the wound. As seen in Eqs. (8) and (9), the current, and therefore the power are based on the variables determining the self inductance and angular frequency. The liquid pressure may effect the motion of the rotor but may not be any direct relation with the angular frequency and the power. With the similar reasoning, the coefficient of viscosity does not change the power consumed (Fig. 7m) . The graphics in Fig. 7b-e show that the power is decreasing as the speed of rotor is increasing. The reason for it is that the total impedance is increasing and the current drawn is decreasing.
The graphics in Fig. 7f-j show that the increase in length and angular speed of the rotor decrease the distance between rotor and stator. The reason for it is that the force acting on the rotor decreases as a result of increase in angular frequency and decrease in magnetic field effect. When the magnetic field effect is decreased and the centrifugal force effect become dominant, the rotor tends to fly away. This may happen even in more small rotor-stator distances.
As seen in the graphics in Fig. 7k , there is no relation between the rotor-stator distance and the power consumption. Since the power consumed depends on the current drawn, self inductance and angular frequency. Therefore, the power drawn will stay constant for the distances where the stirring action takes place.
The observations listed in Table 2 show that the largest value among the maximum angular speeds occur when the number of phases is k = 4. When we increase and decrease the number of phases, the maximum angular speed values decrease in both cases. If the number of phases increases, then the rotor change its position with smaller u angles.
This can be considered as a more stable motion. However, when the u angles decrease, the r i distances increase and depending on this the r x distances and the angular speeds reached can decrease.
Conclusion
In this study, the design and geometrical dimensions of the stator for a synchronous motor which is an axial flux permanent magnet free rod machine with three, four, five and six phases is implemented. This type of motors are an innovative approach especially for the applications used in industrial stirrers. The mathematical model developed is proven by the experiments and tests done on a practically implemented and operated motors The following conclusions are reached:
1. The largest angular speed can be achieved with a 4-phase machine; 2. In order to decrease the power consumption, it is necessary to operate the motor with low speeds; 3. There is no relation between the volume and viscosity coefficient of the liquid to be stirred and power consumption and number of phases; 4. The rotor-stator distance decreases with the increase in rotor speed and the motor has to be operated in low speeds when the rotor-stator distance is large; 5. The distance of rotor-stator is not related to the power consumption and the number of phases; 6. For high angular speeds, the rotor length should be small; 7. The radius of internal stator iron core r i should be less than or equal to the smallest rotor length, and the number of phases and the external radius of the iron core should be determined taking into account this result; 8. The magnetic field of a rod magnet rotor may affect the maximum angular speed to be reached; and 9. The number of turns of the wound and the thickness of the wire used can affect the maximum angular speed to be reached.
